A mutant of Escherichia coli lacking the catabolic enzyme thymidine phosphorylase readily incorporates exogenous thymidine into deoxyribonucleic acid (DNA) even when provided at concentrations as low as 0.2 ,g/ml. Incorporation by this prototrophic strain occurs specifically into DNA, since, with radioactively labeled thymidine, (i) more than 98% is incorporated into alkali-stable material, (ii) at least 90% is recovered as thymine after brief formic acid hydrolysis, and (iii) at least 90% is incorporated into material with the buoyant density of DNA. During growth in medium containing thymidine, the bacteria obtain approximately half of their DNA thymines from the exogenous thymidine and half from endogenous synthesis. The thymines and cytosines of DNA can be simultaneously and specifically labeled by thymidine-2-'4C and uridine-5-3H, respectively. The mutant, which does not degrade thymidine, retains the ability to degrade the thymidine analogue 5-bromodeoxyuridine.
limits the usefulness of thymidine as a label for deoxyribonucleic acid (DNA) synthesis (17) , since thymine is poorly incorporated except in thymine-requiring bacteria (9) . Mutant bacteria have been isolated which have lost thymidine phosphorylase activity. These prototrophic strains no longer degrade thymidine and, therefore, incorporate it into cold acid-insoluble material at a constant differential rate for many generations. It was of interest to determine whether thymidine is incorporated only into DNA and not other macromolecules. In this report, experiments with one of these strains, K12SH-28 (11), are described in which the extent and specificity of thymidine incorporation into nucleic acids were determined.
MATERIALS AND METHODS
Strains and medium. E. coli strains K12SH and K12SH-28 have been described. Both are prototrophs. K12SH-28 is a single step derivative of K12SH with reduced thymidine phosphorylase activity (11) . The medium used was F buffer (23) containing 0.4% glucose. All culture incubations were at 37 C with aeration by shaking.
Incorporation of radioactive nucleosides. Incorporation of radioactive compounds into cold acid-insoluble material was determined by adding a culture sample to an equal volume of cold 10% trichloroacetic acid containing 1 mg of nonradioactive base per ml. After standing at least 30 min on ice, the sample was filtered through a 24-mm membrane filter (Gelman and washed twice on the filter with 10 ml of cold water. Dried samples were counted in a liquid scintillation counter in toluene-based scintillation fluid. For measurement of incorporation into alkalilabile and alkali-stable material, culture samples were added to an equal volume of 1 N NaOH containing 1 mg of nonradioactive nucleoside per ml. The samples were incubated for 8 to 12 hr at 37 C, chilled, neutralized with HCI, acidified with trichloroacetic acid, and filtered and washed as above. Alkalilabile counts were determined directly by counting some of the filtrate in a dioxane-based scintillation fluid.
Formic acid hydrolysis. A culture sample containing approximately 109 cells (usually 5 ml) was added to an equal volume of cold 10% trichloroacetic acid. After standing on ice for 30 min, the sample was filtered through a Gelman filter (GA-6, 24 mm), and the precipitate was washed on the filter twice with 5 ml of cold 5% trichloroacetic acid and twice with 5 ml of cold water. The filter was then placed in a tube (10 by 75 mm) containing 1.0 ml of 0.5 N NaOH and incubated at 37 C for 15 hr to hydrolyze the ribonucleic acid (RNA; 22). The filter was removed, and the sample was chilled on ice and acidified with 0.1 ml of 5.5 N HCI and 1.1 ml of 10% trichloroacetic acid. After standing on ice, the tube was centrifuged to pellet the precipitate. The super-FANGMAN natant fluid containing the ribonucleoside monophosphates was saved, and the pellet was dissolved with 0.2 ml of 0.5 N NaOH, chilled, and acidified with HCl and trichloroacetic acid. After centrifugation, the tube was drained and 0.2 ml of 90.7% formic acid was added. The tube was sealed and placed in an oven at 175 C for 15 min (26) . The resulting hydrolysate was spotted directly onto thinlayer chromatography plates.
Thin-layer chromatography. All separations were made on poly (ethyleneimine) cellulose-coated plastic sheets prepared as described by Randerath and Randerath (20) . Separation of free DNA bases was accomplished by the two-dimensional system of Randerath (19 (12) . Fractions (10 drops) were collected into scintillation vials containing glass-fiber filters (Whatman, GF/A), dried, and counted with a toluene-based scintillation fluid.
Nucleoside phosphorylase assay. The composition of the reaction mixture was similar to that described by Razzel (21) , except that the deoxyribonucleoside substrate was radioactive and the final volume was 100 pliters. The reaction mixture contained 0.05 M sodium arsenate (pH 6), 2 X 10-6 M thymidinemethyl-3H or 5-bromodeoxyuridine-6-3H, and toluenized cells (11) 
RESULTS
Effect of thymidine concentration on incorporation. In experiments previously reported (11) , "4C-thymidine was employed in the growth medium at a concentration of 5 ,g/ml. It was of interest to determine whether lower concentrations could be used with strain and good incorporation still be obtained. The data in Figure 1 show that the rates of incorporation of 4C-thymidine are essentially identical if the 14C-thymidine concentration in the medium is varied 25-fold, from 0.2 to 5.0 pg/ml. The rate of bacterial growth, determined by culture optical density measurements, is unaffected by the addition of thymidine to these concentrations. Thymidine concentrations in this range, then, do not limit the rate of incorporation.
Specificity of thymidine incorporation. Incorporation of thymidine into RNA was estimated by allowing cells to incorporate thymidinemethyl-PH for 30 min. Samples were then taken for determination of incorporation into cold acidinsoluble, alkali-labile and alkali-stable material. The results were compared with the incorporation of 'H-uridine into these fractions ( Table 1 ). The amount of 3H-thymidine incorporated into alkalilabile material (primarily RNA) is <2% the amount of 3H-thymidine incorporated into alkalistable material (presumably DNA) and is <0.1% the amount of 3H-uridine incorporated into RNA during the same period. A similar result was obtained when the experiment was performed with thymidine-2-'4C.
To demonstrate that radioactive label from thymidine incorporated into cell material is found only as thymine, K12SH-28 cells were allowed to incorporate "4C-thymidine for 30 min, and samples were taken for a determination of total incorporation (cold acid-insoluble radioactivity) and for formic acid hydrolysis. A 1.0-ml amount of culture incorporated 0.21 nmole of 14C-thymidine. The hydrolyzed culture sample yielded 0.21 nmole of "4C-thymine per 1.0 ml of culture. Thus, within the precision of duplicate determinations ( 5%), all of the '4C-thymidine is incorporated into cellular polymers which are stable to alkali and yield 14C-thymine on brief formic acid hydrolysis.
Additional evidence for the specific incorporation of thymidine into DNA was provided by a density gradient centrifugation experiment. A culture of K12SH-28 was allowed to incorporate thymidine-2-'4C for 60 min, and a sample was taken for a determination of total incorporation. It was found that 1.0 ml of culture incorporated 0.13 nmole of '4C-thymidine. A second sample was taken at the same time and a cell lysate was prepared. The lysate was extracted with phenol and dialyzed, and a quantity corresponding to 1.0 ml of culture was centrifuged to equilibrium in CsCl. Fractions were then collected, and the "4C content was determined (Fig. 2) . The total radioactivity recovered from the gradient corresponded to 0.14 nmole of 14C-thyimdine, and essentially all of this was found in material banding at the density of DNA (14) .
Specific labeling of the cytosines of DNA. Addition of radioactive thymidine to K12SH-28 cultures allows specific labeling of the thymines of DNA, as shown above. The other pyrimidine, cytosine, can be specifically labeled by uridine labeled with tritium on the 5-carbon. The hydrogen atom on the 5-carbon of uridine is removed during its metabolic conversion to thymidine triphosphate (15, 25) , and is substituted by a methyl group. A tritium atom at this position in uridine, therefore, should become part of the cytidylic acid residues but not the thymidylic acid residues of DNA. That this is the case was shown by incubating a culture of K12SH-28 with uridine-5-3H for 30 min and hydrolyzing a sample to produce RNA nucleotides and DNA bases. The tritium label is found in both the cytosines and uracils of RNA but only in the cytosines of DNA (Table 2) . If there is any incorporation of label into the thymines of DNA, the amount must be < 3 % of that found in the cytosines of DNA. The presence of both uridine and thymidine in the medium does not influence the incorporation of either into DNA (Table 3 , cultures 1 to 3).
Efficiency of incorporation of exogenous thymidine. The fact that the rate of incorporation of '4C-thymidine by cultures of K12SH-28 is independent of the '4C-thymidine concentration in the range 0.2 to 5.0 ,.g/ml (Fig. 1) b Portions of an exponentially growing culture of K12SH-28 were added to flasks containing the various compounds. After 30 min, incorporation of radioactivity into alkali-stable, cold acidinsoluble material was determined.
rates of incorporation of thymidine (3H-thymidine incorporated per increment of culture optical density) by K12SH-28 and a thymidine-requiring derivative isolated by the aminopterin selection technique (16) were compared. The differential rate of incorporation by the latter strain is about 1.6-fold greater than by K12SH-28. Thymidinerequiring derivatives of K12SH-28 can utilize levels of thymidine in the medium as low as the original strain. Thymine is unable to satisfy their growth requirement.
The fraction of the thymines of DNA derived from exogenous thymidine and from endogenous synthesis in K12SH-28 was determined directly by a competition experiment. Cells were grown in medium containing a limiting amount of uniformly labeled "C-glucose, with and without a thymidine supplement. When growth terminated on exhaustion of the 14C-glucose, samples were taken, and radioactivity in the four bases was determined. The results were compared with the effect of a uridine supplement ( (Table 4) .
Limited incorporation of 5-bromodeoxyuridine. Since the thymidine analogue 5-bromodeoxyuridine has been widely used as a density label for DNA and can be used to facilitate isolation of bacterial mutants (3) , the ability of K12SH-28 to incorporate 5-bromodeoxyuridine was examined. Figure 3A shows the incorporation values obtained when aH-5-bromodeoxyuridine is added to a culture of K12SH-28 previously grown in thymidine-supplemented minimal medium. At the cell density employed, incorporation terminated after about 30 mmn. One explanation of this would be that bromodeoxyuridine, unlike thymidine, is still rapidly degraded, as in wildtype E. coli. The data in Fig. 3B show that 3H-bromodeoxyuridine rapidly disappears from the culture and is replaced by 'H-bromouracil, which is not incorporated into DNA. Degradation of bromodeoxyuridine by K12SH-28 could mean that the strain possesses an unaltered phosphorylase activity for this deoxyribonucleoside. Phosphorylase activities in K12SH-28 and its wild-type parental strain, K12SH, were examined by using both thymidine and bromodeoxyuridine as substrates. Cultures were grown for several generations in minimal medium containing 1 mg of deoxyadenosine per ml as inducer (13) . As reported previously (11) , activity with thymidine is greatly reduced in K12SH-28, being <0.5% of the' wild-type value (Table 5 ). In the assay employed, activity with bromodeoxyuridine is also greatly reduced (about 0.5% of the wild-type value). Uridine phosphorylase (EC 2.4.2.3) activity, an uninducible activity (21) in both strains, is shown for comparison. Phosphorylase activity for bromodeoxyuridine as well as for thymidine is reduced in K12SH-28, and some other explanation for the in vivo degradation of bromodeoxyuridine must be found.
DISCUSSION
The mutation affecting thymidine phosphorylase activity in strain K12SH-28 has been mapped by transduction (10) . The strain is capable of producing normal induced levels of deoxyriboaldolase (EC 4.1.2.4) and phosphodeoxyribomutase whose structural genes appear to be linked to that for thymidine phosphorylase (13) . Revertants, capable of growth on thymidine as a source of carbon and energy (and containing thymidine phosphorylase activity), are readily obtained. These facts suggest that K12SH-28 possesses a single mutation in the structural gene for thymidine phosphorylase.
Taken together, the results of several experiments show that radioactively labeled thymidine is specifically incorporated into DNA and not RNA or other macromolecules. First, more than 98% of cold acid-insoluble radioactivity is stable to alkali. Thus, less than 2% of the label could be in RNA (24) . Second, more than 90% of the incorporated radioactivity is recovered as thymine after brief formic acid hydrolysis (26) . And third, more than 90% of the incorporated radioactivity is found in material which bands in CsCl at the density of E. coli DNA (14) .
As expected, labeled thymidine is incorporated only into the thymines of DNA. The other pyrimidine in DNA, cytosine, can be specifically labeled by employing uridine-S-8H in the medium. At least two of the DNA bases, then, can be The stimulation of 14C-thymidine incorporation by 5-fluorodeoxyuridine, the increased incorporation by a thymidine-requiring derivative, and the competition for incorporation into DNA of exogenous thymidine with 4C-thymidine compounds made endogenously from "4C-glucose show that only 50 to 60% of the DNA thymines are derived from exogenous thymidine by K12SH-28. A similar result was obtained by Cannon and Breitman (7) for incorporation of exogenous thymidine monophosphate. In the range of thymidine concentrations used in these experiments, the differential rate of incorporation by K12SH-28 is essentially unaffected. Whether endogenous thymidine triphosphate synthesis, which appears to occur by two pathways (15) , is affected by the presence of exogenous thymidine is unknown. One explanation for the inefficient utilization of exogenous thymidine would be that addition of thymidine to the medium results in a large reduction in the rate of endogenous thymidine triphosphate formation from deoxyuridine monophosphate but not from deoxycytidine triphosphate (15) . A similar effect of added uridine could explain its efficient incorporation into DNA cytosines but not DNA thymines (Table 4) .
Budman and Pardee (6) found that addition of deoxyadenosine to the culture medium did not promote thymine incorporation by as it does in wild-type E. coli (4) . Their result suggested that thymidine phosphorylase catalyzes the conversion of thymine to thymidine under appropriate in vivo conditions. This conclusion is supported by the observation that a thymidinerequiring strain derived from K12SH-28 is unable to utilize thymine to fulfill the growth requirement. Revertants of this double mutant capable of growth on thymidine as a source of carbon and energy, and which possess thymidine phosphorylase activity, are able to use thymine to meet their growth requirement.
Rachmeler, Gerhart, and Rosner (17) provided evidence which suggests that a single inducible phosphorylase acts on both thymidine and 5-bromodeoxyuridine. It was surprising, therefore, to find that K12SH-28 retains the ability to rapidly degrade it. Nevertheless, K12SH-28 shows a greatly reduced phosphorylase activity for both deoxyribonucleosides. Several explanations for the in vivo degradation of bromodeoxyuridine but not thymidine by K12SH-28 are plausible. E. coli may possess a "bromodeoxyuridine" phosphorylase which is either not induced or not active under the conditions employed in the enzyme assay experiment. A likely explanation is that the thymidine phosphorylase in K12SH-28 has a greatly increased Michaelis constant for thymidine and bromodeoxyuridine. If the Michaelis constant for bromodeoxyuridine is, however, somewhat lower than that for thymidine, sufficient intracellular concentrations may occur to allow rapid phosphorolysis of bromodeoxyuridine but not thymidine.
